Gene therapy is a promising technology for the treatment of several acquired and inherited diseases. However, for gene therapy to be a commercial and clinical success, scalable cell culture processes must be in place to produce the required amount of viral vectors to meet market demand. Each type of vector has its own distinct characteristics and consequently its own challenges for production. This article reviews the current technology that has been developed for the efficient, large-scale manufacture of retrovirus, lentivirus, adenovirus, adeno-associated virus and herpes simplex virus vectors.
Introduction
Gene therapy is a developing technology that has the potential to treat several acquired diseases and of correcting inherited disorders. The premise is that genetic information is delivered to target cells, either through an in vivo or ex vivo route, by means of a suitable vector. Several strategies have been conceived for the treatment of diseases with an acquired genetic component. Thus, the original concept of gene therapy has evolved to include: (i) Suicide gene therapy -the delivery of genes able to kill the targeted cell in a controlled manner. This approach is often used to target tumor cells; (ii) Suppressive gene therapy -transdominant functions or sequences, like anti-sense molecules and ribosomes, capable of switching off a functional gene, are delivered to cells; (iii) Immune gene therapy -delivery of genes capable of inducing the immune system to destroy cells expressing specific determinants (Palu et al. 1999 ).
The key to success for any gene therapy strategy is having a vector able to serve as a safe and efficient gene delivery vehicle (Friedmann 1997) . Therapeutic genes can be delivered to cells via either viral or non-viral vectors. Non-viral vectors can be divided into two sub-groups; cationic lipids and molecular conjugates (Gao and Huang 1995; Michael and Curiel 1994) . Simple mixing in vitro of the synthetic reagent with plasmid DNA leads to the spontaneous formation of DNA/vector aggregates via a self-assembly process. These vectors are relatively easy to make, non-pathogenic and free of adventitious contaminants (Wu and Ataai 2000) . However, for efficient gene transfer the vector must survive in the extra cellular medium and reach the target cells. Once the vectors have reached the target cell several steps, including binding, internalization, endosomal release, uncoating, nuclear escape and expression, are required to achieve efficient gene delivery and expression. While nonviral methods are generally considered to be safer than viral transduction, they are less efficient, and no commercial processes have been developed to meet the potential market demand (Theodossiou et al. 1999) . In contrast, viruses have complex and precise structural features, adjusted through natural evolution for efficient transfection of specific host cells or tissues (Navarro et al. 1998) .
A number of virus types are currently being investigated for use as gene delivery vectors. These include retroviruses, adenoviruses, adenoassociated viruses, poxviruses, rhabdoviruses, parvoruses and alpha viruses (Palu et al. 1999) . It is unlikely that any one of these vectors will emerge as a suitable vector for all applications. Instead, a range of vectors will be necessary to fulfill the objectives of each treatment (McTaggart and Al-Rubeai 2002) . The typical characteristics of the main viral vectors are summarized in Table 1 . Although vectors derived from adenovirus, adenoassociated virus and herpes virus are receiving more attention in the field of gene therapy (Vos 1995; Parasrampuria 1998; Benihoud et al. 1999) recombinant retroviruses are currently used in the majority of clinical trials (Kang et al. 2000; Wu and Ataai 2000; Wu et al. 2002; Merten 2004) . The main limitation of viral vectors is the relatively low harvest from non-optimized processes. In order for viral gene therapy to be a clinical and commercial success, there must be production systems capable of efficient and economical virus manufacture that can meet market demand. This review focuses on the current cell culture processes used to produce viral vectors and highlights the advantages and the limitations of the current technology.
Retroviral vectors
Retroviruses can be divided into three subfamilies, Oncovirinae, Lentivirinae, and Spumavirinae, according to their pathogenicity and are further classified by their virion structure, cell receptors and oncogenicity . To date, the majority of clinical trials have used vectors derived from murine leukemia virus (MLV) (Merten 2004) , which belong to the oncovirus sub-family, although some believe that adenovirus is currently the most commonly used virus. As a result, the majority of studies on optimization of culture and process conditions have focused on retroviruses. Retroviruses have a number of advantages as gene therapy vectors; gene transfer is highly efficient with permanent integration of the gene into the host genome. They have low immunogenicity, a wide host range and the vector proteins are not expressed in the host. However, vector integration can lead to an elimination of a functional gene when inserted into an ORP. There is the important risk of insertional mutagenesis, which may activate oncogenes, and they can only infect dividing cells, except for lentivirinae, which are discussed separately. In addition, it is difficult to obtain high titers in non-optimized systems (McTaggart and Al Rubeai 2002) . Typical virus titers are between 10 6 and 10 7 infectious particles (IP) per ml, whereas theoretical predictions have suggested that 10 8 IP ml À1 of infusion product would be required to treat a tumor, based on the supposition that a typical tumor contains 10 9 cells g À1 and a diseased organ may contain 100 g of tumor. This figure assumes 100% transduction efficiency, no particles will be lost by complement inactivation and that infection is not limited by cell replication. Therefore, the actual viral dose may be 10-1000 times greater (Braas et al. 1996; Lyddiat and O'Sullivan 1998) . It was subsequently shown empirically that titers >5 · 10 7 IP ml À1 of infusion product can efficiently obtain in vivo gene transfer in animal models of hemophilia, arthritis, cancer, chronic HBV infection, cystic fibrosis and other diseases (Ghivizzani et al. 1997; Karavodin et al. 1998; Sallberg et al. 1998; Wang et al. 1998; Nemunaitis et al. 1999; Van den Driessche et al. 1999) . This still leaves a gap between the number of viral particles required and the number that can be produced.
The problem of achieving acceptable virus titers is two-fold; firstly, the cells must be capable of producing a sufficient number of infectious particles. This has led to the development of highly efficient producer cells lines. Production can be further enhanced through optimization of the culture conditions. Secondly, viruses are particles not small molecules, and have a very short half-life, typically 2-8 h at 37°C (Le Doux et al. 1999; Merten et al. 2001a) . Maintaining their capability to infect target cells is essential. McTaggart and Al-Rubeai (2002) compared the potential methods for the production of retroviral vectors and concluded that in order to reduce production cost, critical culture parameters should be optimized and continuously controlled throughout the production process. To optimize a bioreaction process for retrovirus production, the biological potential of the cell must be optimally exploited and the virus stability maximized. The design of an optimal cell culture process must therefore account for three important factors: the type of bioreactor, the mode of operation and the culture conditions.
Producer cell lines
The packaging cell lines used to produce the retrovirus particles contain the virus helper genes (gag-pol and env) that have been deleted from the vector genome. Producer cell lines are made by inserting the vector, which has had these genes replaced by a therapeutic gene, into the packaging cell on a separate plasmid (Pear et al. 1993) . Hence, the structural and functional proteins required for the synthesis of new virus particles are produced by the cell. Recombinant viruses are released from the cell in a similar fashion to wild type viruses. The use of this split genome approach (separation of the viral gene sequences and the MLV vector = third generation packaging cell line) leads to a considerable improvement of vector safety because recombination events leading to replication competent retroviruses (RCR) are greatly reduced. Packaging cells are unable to produce their own virus particles as the W packaging sequence and the LTRs are only contained on the vector plasmid . The mechanism of producing retroviral vectors from packaging cell lines is illustrated in Figure 1 .
A very recent development of highly versatile producer cell lines (Flp293A, 293 FLEX), based on HEK293 cells and equipped with FRT sites containing an MLV-GFP vector, allows the efficient Flp recombinase mediated cassette exchange of MLV vectors. After cassette exchange, the tagged RV producer cell clone produced titers of vector containing the transgene of choice at levels similar to those observed for the mother producer cell line Coroadinha et al., 2005) .
Historically, packaging cell lines were based on mouse cell lines (NIH 3T3). However, certain limitations of these packaging cell lines have initiated the search to improve them. The primary drawback associated with mouse cell lines is the low titers that they achieve. Furthermore, murine retroviral sequences that are present in murine packaging cells can be selectively packaged into retroviral particles (Torrent et al. 1994) increasing the possibility of generating RCRs. Thus, the use of human cell lines for the establishment of packaging cells is a step towards increased biological safety, because they lack endogenous murine retroviruses (Rigg et al. 1996; Pensiero et al. 1996; Forestell et al. 1997) . In fact, viral supernatants or producer cells derived from human cells have never given a positive test result for RCRs in small-or medium-scale assays (Sheridan et al. 2000) . A further advantage of using human based packaging cell lines is the fact that the glycosylation of the env protein is of a human type. This is important when the vectors have to be used in an in vivo setting. In the case that the vector has a nonhuman glycosylation, they are inactivated by the human complement system within 20 min after application.
The NIH 3T3 (mouse), and a ferret brain cell line have been used for the establishment of retrovirus vector producer cell lines, as well as the human cell lines HT1080, TE671, 293 (which can grow in suspension), and CEM (which is an obligatory suspension cell line). For more details, the review by Merten (2004) is recommended.
Packaging and producer cell lines are able to continuously release vector particles, making them well suited to large-scale production systems. This gives them a significant advantage over transient transfection or infection systems, such as baculovirus or adenovirus systems, where generation of large volumes of characterized supernatants is difficult (Rigg et al. 1996) .
Bioreactor design
The majority of packaging cell lines used to produce retroviral vectors are anchorage-dependent, necessitating a high surface-to-volume ratio to support high density cell growth. Roller bottles have been extensively used for the production of retroviruses. However, scale-up of this system has a number of drawbacks; roller bottles are a multiple process system which means that scale-up requires an increase in unit number as opposed to unit size. This results in a very labor intensive process. Furthermore, roller bottles can only be used in batch, fed-batch or repeated batch mode, which results in extended residence times for virus particles. It is also difficult to control culture parameters, such as dissolved oxygen (DO 2 ) and pH, which may limit cell production. This has lead researchers to investigate microcarrier cultures as a potential industrial scale process. Microcarriers fall into two categories: solid and porous carriers. Both types have been used to culture retrovirus producing cells. The solid carriers Cytodex 1 and 3 have been used to culture PA317 cells (Wu et al. 2002) and the former has been used to culture TE Fly GA18 cells (Merten et al. 2001a ). The PA317 cultures were reported as achieving a maximum virus titer of 3.1 and 3.4 · 10 6 IP ml À1 on Cytodex 1 and 3, respectively, and TE Fly GA18 cells produced 2.0 · 10 7 IP ml À1 . When the agitation rate in the PA317 cultures was optimized, a maximum virus titer of 8.5 · 10 6 IP ml À1 was achieved on Cytodex 1. These titers for PA317 cells are comparable with stationary, monolayer cultures and do not show a vast improvement, despite the ability to control the culture conditions. Hence, to increase the cell density and subsequently the virus titer, macroporous microcarriers could be used. Porous microcarriers have a significantly greater surface area than solid microcarriers, which allows for a far higher cell density. However, when Cultispher-S carriers were compared with solid carriers the virus titer was 10-fold less, even though similar cell densities were reported. Typical maximum virus titers for both PA317 cells and FlyRD18 cells are in the order of 10 5 IP ml À1 (Gerin et al. 1999b; Cruz et al. 2000; Wu et al. 2002) . This loss of virus titer in macroporous carriers in stirred tank reactors is almost certainly due to transport limitations. In solid carrier cultures, cells consume nutrients from the bulk medium and virus particles are released into the vessel. When cells are immobilized within a porous structure, cellular activity is determined by the chemical concentrations in the particle, not in the bulk medium. Cells initially penetrate relatively deeply into the porous matrix; however, over time an outer shell of highly dense cells forms, limiting transfer of oxygen and nutrients to the centre of the particle (Al-Rubeai et al. 1990; Yamaji and Fukuda 1992) . Additionally, toxic metabolites are unable to diffuse out of the particle and CO 2 production causes a drop in the local pH. Consequently, this microenvironment induces cell death and a necrotic core develops, reducing the overall cell productivity and viability. Additionally, diffusion of virus particles into the bulk medium is hindered, causing an increase in residence time and a greater degree of inactivation. To overcome this problem with macroporous microcarriers, intraparticle convection can be increased by culturing cells in either a packed or fluidized bed bioreactor. Figure 2 illustrates the operating principle of the CelliGen packed bed reactor, the CellCube and the Cytopilot Mini fluidized bed bioreactor. These systems have shown the greatest potential for retrovirus production, to date.
Packed bed bioreactors have demonstrated superior performance over microcarrier cultures for both wCRIP MFG-lacZ cells and TE Fly GA18 cells (Merten et al. 1996 (Merten et al. , 2001a . Kang et al. (2000) showed that daily vector production was approximately 30 times greater in a packed bed bioreactor (packed with FibraCel discs) than a microcarrier system utilizing 3 g l À1 Cytodex. Similarly, Merten et al. (2001a) showed a 116% increase in the maximum virus titer and a 400% increase in daily vector production when comparing a microcarrier system (5 g l À1 cytodex 1) and a CelliGen packed bed bioreactor containing 70 g of FibraCel discs. Evaluation of a fluidized bed bioreactor (Cytopilot) was recently carried out by . The Cytopilot demonstrated good vector production, with a maximum virus titer of 10 7 IP ml À1 , and a total viral yield of 5.03 · 10 10 IP in 11.4 l. In roller bottle cultures, daily titers of 5 · 10 6 IP ml À1 were achieved from 50 ml per bottle (total yield: 2.5 · 10 8 IP per bottle) (unpublished results). Therefore, the total yield obtained from the Cytopilot over 19 days was equivalent to the yield from 10 daily harvests from 20 roller bottles. It was observed that virus titer increased with an increasing cell number. Therefore, as the Cytopilot has the potential for higher cell numbers in longer runs it also has the potential for greater virus titers. In contrast, the cell number in roller bottles reaches its maximum within 3-5 days. Thus, an increase in total viral yield can only be accomplished by an increase in unit number or longer culture periods. Preliminary data recently published by Merten (2004) have also shown the potential of the Cytopilot; the PG13 packaging cell line was cultured on 150 ml of Cytoline 1 for 336 h and produced a total vector harvest of 1.33 · 10 10 infectious particles. This was comparable with the standard CellCube process. Culture conditions were not optimized in this study, though, indicating that product yield could be greatly improved.
In addition to packed bed and fluidized bed bioreactors, fixed bed culture systems, such as the CellCube, have been used for retrovirus production (Kotani et al. 1994; Merten et al. 2001a; Wikstro¨m et al. 2004) . The performance of the CellCube is reported to be comparable with the Celligen packed bed reactor, with each systems producing an average of 2.1 · 10 7 and 0.55 · 10 7 IP ml À1 , respectively (Merten 2004 ). The yield from the CellCube was also reported to be comparable with the automated roller bottle system, RollerCell 40 (Wikstro¨m et al. 2004) . When the CellCube was run under GMP conditions, the virus titer was between 1.2 · 10 6 and 3.0 · 10 6 IP ml À1 . This was lower than titers recorded under test conditions due to a higher perfusion rate. While the higher perfusion rate reduced the vector concentration it did increase the titer stability and thus the quality of the vector preparation.
Hollow-Fiber bioreactors have shown some potential for retrovirus production. Pan and Whitley (1999) studied vector production using PA317 cells and observed titers of 2.2 · 10 7 IP ml À1 . This was a 14.4-fold increase over control dish cultures. Up to 3 l of vector supernatant was generated during a 2-month large-scale production run. There was a potential to double this volume of higher-titer supernatant by increasing the frequency of harvest. Virus titers eight times greater than T-flask cultures were observed using a TE Fly clone (12.8 · 10 6 IP ml À1 ); however, this result was inferior to titers obtained in fixed bed bioreactors (Merten 2004) .
The primary limitation of packed bed, fixed bed and hollow-fiber bioreactors is their limited scalability. The largest practical packed-bed volume in the configuration of the Celligen Plus reactor (Figure 2a ) is approximately 20 l, providing 200-300 l of supernatant (Merten 2004) . No industrial processes currently employ packed-bed bioreactors as they have limited linear scale-up due to concentration gradients, the system is non-homogeneous, it is not possible to sample reactor content and the outgrowth of cells leads to channel blockage (Looby and Griffiths 1990) . The disadvantage of the CellCube fixed bed bioreactor is that some components, such as the oxygenator and the probes, must be cleaned and re-sterilized between batches. Cleaning validation as well as process validation is relatively difficult (Wikstro¨m et al. 2004) . Additionally, the largest system available is the module 400, which has a surface area of 340,000 cm 2 . Hollow-fiber systems are associated with several disadvantages including poor cell viability, large diffusion gradients, which limit scale-up and effect product quality, and difficulties in culturing anchorage dependent cell lines (Warnock and Al-Rubeai 2005) . As medium enters the lumen it encounters a positive transmembrane pressure and is able to permeate into the extra-cellular space. As this pressure decreases along the length of the fiber, it becomes negative towards the outlet, causing medium to flow back into the lumen (intra-capillary space). This phenomenon is called Starling flow (Starling 1896) . This results in a higher cell density at the inlet end compared to the outlet or, with suspension cells, a packed cell mass accumulating at the outlet end (Griffiths 1988) . The resulting presence of large numbers of dead cells limits culture performance in two ways. Firstly, there is a need for high rates of cell proliferation to replace lost cells, which will reduce the specific productivity (Al-Rubeai et al. 1992) . Secondly, the release of proteases, DNA and other cellular components will lead to product degradation and will complicate downstream processing (Fassnacht et al. 1999) .
To overcome the problem of scalability, some attention has been given to the development of suspension cell lines. Suspension cells can be easily grown in stirred tank reactors, which can be scaled up to several thousand liters. Murine based packaging cell lines are based on NIH 3T3 cells which are strictly adherent. The human packaging cell lines derived from HT1080 and TE671 cells are also adherent but when they are grown in suspension they form clumps. Clump culture is comparatively inefficient with titers generally being 10-100 times lower than those obtained in adherent cultures (Gerin et al. 1999b; Merten et al. 2001a) . A novel cell line has been developed from a T-lymphoblastoid cell line. CEMFLYA19 cells cultured in 250 ml spinner flasks reached a density of 1.5-3.0 · 10 7 cells ml À1 , and produced an average of 1.6 · 10 7 IP ml À1 . This was reported to be 2.5-6 fold higher than T-flask cultures (Pizzato et al. 2001) . The authors also reported that preliminary results showed that this cell line could produce 5 · 10 6 IP ml À1 in a 1.4 l perfused reactor. It is expected that after optimization of the culture conditions the titer can be significantly increased. Therefore, the CEMFLYA cell clone has the greatest potential for industrial production of retrovirus particles. A number of packaging cell lines based on human 293 cells have also been produced. These cells can be grown as either adherent or suspension cultures. The virus titers achieved are comparable to other human based producer cells, and range from 10 6 to 10 7 IP ml À1 (Merten 2004 ). In addition, it has been reported that particles produced from ProPak and 293-SPA clones have a transduction efficiency that is up to 10 times greater than for vectors produced from NIH 3T3 derived produced cells (Forestell et al. 1997; Davis et al. 1997 ).
Culture conditions
In addition to the type of bioreactor used, culture conditions can have a profound effect on the virus titer. Due to the instability of retrovirus particles at 37°C, much attention has been given to culture temperature. Virus production in twenty-two pro-ducer cell lines derived from the murine PA317 cell line was evaluated at 32, 34 and 37°C. A 5-to 15-fold increase of vectors was produced at 32°C compared to 37°C; the vector increase at 34°C was intermediate. The production of retroviral vectors was scalable achieving similar results in flasks, roller bottles, or a CellCube Bioreactor (Kotani et al. 1994 ). This group suggested that the increased titer could be due to (i) reduced metabolic activity/growth of the cells, causing an increase in vector production; or (ii) increased stability of virus particles at lower temperatures. However, several studies have shown that vector production is decreased when cellular metabolic activity is reduced (Shen et al. 1996; McTaggart and Al-Rubeai 2001) . Kinetic analysis of retrovirus production and decay showed that the rate at which recombinant retroviruses spontaneously lose their activity was a strong function of temperature, decreasing roughly 2-fold for every 5°C reduction in temperature, whereas the rate at which retroviruses are produced is only weakly affected by temperature, decreasing about 10% for every 5°C reduction in temperature (Le Doux et al. 1999) . Therefore, the increased stability at 32°C leads to a higher titer. A number of other groups have also demonstrated improved titers and greater virus half life at lower temperatures using both murine and human packaging cells (Lee et al. 1996; Kaptein et al. 1997; McTaggart and Al-Rubeai 2000) . However, the advantages of culturing cells at 32°C could not be corroborated by other investigators (Forestell et al. 1995; Cruz et al. 2000) leading to a more detailed examination of the mechanism of thermal stability in retroviruses. It could be shown that retroviral vectors produced at 37°C were characterized by a higher thermal stability than those produced at 32°C (Cruz et al. 2005) . It was revealed that virus stability was inversely proportional to the level of cholesterol in the viral membrane; hence, depletion of viral cholesterol resulted in increased thermal stability. Cholesterol levels were associated with the cell line as differences in the cellular plasma membrane determined the lipid composition in the retrovirus shell (Beer et al. 2003b ). Furthermore, a shift in cultivation temperature from 37 to 32°C impacted the expression of a number of genes. Most importantly, the cholesterol biosynthesis/transport pathway was activated, causing an increase in plasma membrane cholesterol levels (Beer et al. 2003a ). Thus, virus particles released at 37°C are phenotypically different from those synthesized at 32°C. This accounts for the discrepancy between reports on virus production at various temperatures. In a subsequent study, Electron Paramagnetic Resonance (EPR) was used to show that production temperature exerts an important effect on membrane rigidity. This effect depends on the vector type: retroviral vectors with the amphotropic envelope protein produced at 32°C by TE FLY cells are more rigid than those produced at 37°C, the opposite being observed for vectors with the GALV envelope protein. The differences with respect to rigidity, production temperature and inactivation kinetics observed for different producer cell lines and different env proteins can be explained by differences in the activation energy for the inactivation of these vectors (Cruz et al. 2005) . Thus, vector thermal stability can be influenced by controlling the individual lipid components in the particle membrane by adjusting cultivation temperature or by the host cell line. The effect of pH on vector titer was assessed by McTaggart and Al-Rubeai (2000) using the human packaging cell line, FLYRD18. The optimal pH was determined to be 7.2; cell viability was not affected at lower pH levels with the exception of pH 6, when cell viability fell to 85%. The virus titer at 6.8 and below was significantly decreased compared to cultures at pH 7.2. At a pH of 7.8 the virus titer was 50% of the titer at 7.2 (McTaggart and Al-Rubeai 2000) . Dissolved oxygen levels were also studied but were not found to be limiting to cell growth or virus production between 20 and 80% saturation.
While several studies have focused on the effect of physical conditions, few studies have addressed the effect of chemical factors. Olsen and Sechelski (1995) reported an increase in virus production between 20-and 1000-fold in the presence of sodium butyrate using PA317 murine cells. Interestingly, this group reported a 50-fold increase in LTR driven transcripts but only a 4-fold increase in SV40 promoter driven transcripts in the same cell line. Hence, while sodium butyrate may increase RNA transcription, the actual responsiveness is dependent on the promoter type. Pages et al. (1995) examined a number of activators known to enhance the expression of MoMLV genes. They observed a 5-fold increase in virus production from wCRIP cells in the presence of 5 mM sodium butyrate. However, when combined with dexamethasone (1 lM), a 10-fold increase was detected.
Previous studies on the effects of serum have shown conflicting results. Shen et al. (1996) showed increasing cell growth and vector production in PMFG/wCRIP murine cell cultures when the serum concentration was increased from 1 to 10%. It was concluded that a strong promotion of vector production by cell growth was the reason for increased titers with increasing serum concentration. However, Lee et al. (1996) demonstrated no effect of decreasing serum from 20 to 1% in culture medium used to produce retrovirus from wCRIP cells. In contrast, serum was shown to have a negative dose dependent effect on retrovirus production in the human cell lines FLYRD18 (Gerin et al. 1999a, b; McTaggart and Al-Rubeai 2000) and TE Fly RD . This phenomenon was sustainable in excess of 6 days. In order to confirm that the negative effect of serum was not due to virus inactivation, vectors were incubated with and without 5% serum at both 32 and 37°C. Vector decay rates were comparable at both temperatures indicating that serum components were not responsible for virus inactivation (McTaggart 2000) . The negative effect of serum was attributed to protease inhibitors present in serum, which have an adverse effect on virus assembly and budding (Gerin et al. 1999a) . While the different findings may be explained by the origin of the cell line (murine or human), it may also signify that serum has opposing roles; certain components are able to promote vector synthesis while other elements inhibit virus assembly.
It is known that elevated concentrations of ammonia and lactate can be toxic to mammalian cells and that continuous cell lines use glucose inefficiently which results in the production of large amounts of lactate. It has been proven that lactate concentrations above 5 mM have a profound negative effect on TE FLY GALV cell growth; however, specific vector production is significantly increased after the addition of 5-20 mM lactate. Ammonia only has minor effects on TE FLY cell growth and vector production, with an IC 50 (50% inhibition of cellular growth) being in excess of 8 mM (Merten et al. 2001b) . In order to reduce the production of lactate, glucose can be replaced by fructose as the main carbon source. This substitution results in an increase in viral titer by approximately 5-fold in a range of MLV producer cells, as shown in Figure 3 . This phenomenon can be observed in T-flask and bioreactor cultures; TE FLY cells cultured in an NBS basket reactor produced a cumulative titer of 6.96 · 10 10 IP using fructose compared to 1.49 · 10 10 IP with glucose (Ge´ny-Fiamma et al. 2004 ). This increase in product is due to an increased cell number (7.1 · 10 9 vs. 4.34 · 10 9 cells/ reactor) and an increase in the specific production by a factor of 2.81 in fructose.
Mode of operation
As previously mentioned, the half-life of retroviruses is between 2 and 8 h at 37°C, which is often the culture temperature. When particles are produced in multiple unit processes, such as T-flasks or roller bottles, harvesting is done discontinuously. The actual harvest time will vary depending on the virus characteristics, but in general will be performed twice daily. At larger scales this becomes a laborious task and increases the risk of contamination. Consequently, perfusion culture offers the best option for the production of retroviral vectors (Merten 2004 ). Accordingly, it was determined that the optimal bioreaction mode for retrovirus production was batch mode at 37°C for 53 h (to allow for cell growth) followed by perfusion at 32°C with the addition of 0.1 lM dexamethasone and 5 mM sodium butyrate. This produced 2682 IP cm À3 h À1 which was a 3.5-fold increase over batch cultures under the same conditions (Cruz et al. 2000) . The optimal perfusion rate required to support high density cell cultures and maximize vector harvest is regarded as three to four reactor volumes per day. This supposition is supported by the data published by Merten et al. (2001a) .
Lentiviral vectors
Lentiviruses are members of the retrovirus family, yet they possess a number of distinct characteristics that are absent in other retroviruses. In addition to the conventional three open reading frames of gag, pol and env, which encode the capsid proteins, viral enzymes and the envelope glycoproteins, respectively, they have a varying complement of regulatory and accessory genes that control their own gene expression. This allows temporal separation into early and late phases, and enables them to manipulate the host cell for both virus production and entry and integration of their genetic material into the cell genome as the provirus (Lever et al. 2004 ). Therefore, lentiviruses are able to infect non-dividing cells unlike other retroviruses which require host cells to be actively dividing. This makes them suitable for the treatment of such diseases as those of the nervous system, cardiac and skeletal muscle, and the liver. The most prominent member of the lentivirus sub-family is the human pathogen HIV. The extensive body of knowledge that has been generated on this virus has allowed researchers to reengineer it as a gene vector. HIV-1 remains the best studied vector (Lever et al. 2004) , although recent work has revealed the potential of HIV-2 (Sadaie et al. 1998 ) SIV (Schnell et al. 2000; Stitz et al. 2001) , EIAV (equine infectious anemia virus) (Olsen 1998; Mitrophanous et al. 1999; Ikeda et al. 2003) 2002; Loewen et al. 2003) and BIV (bovine immunodeficiency virus) (Takahashi et al. 2002) as vectors.
One of the major problems in the production of lentiviruses has been the development of a packaging cell line. Stable expression of lentivirus particles has proven to be more difficult than for oncoviruses (Carroll et al. 1994; Kafri et al. 1999) , partly due to the expression of such proteins as REV and viral protease, which appear to be toxic to cells (Haselhorst et al. 1998 ). Consequently, lentiviral vectors have been produced by transient transfection of high-expressing cell lines such as COS (Imren et al. 2002) and 293T (Coleman et al. 2003; Sena-Esteves et al. 2004 ) using generally four different plasmids (gag-pol, env, rev, and the LV-vector). This method was also used to produce vectors for the first clinical trial, demonstrating that scale-up for instance using CellFactory 10 stacks is practicable (Schonely et al. 2003, Merten personal communication) .
It has been reported that optimized transient production of lentiviral vectors from these cells can yield titers in excess of 10 8 IP ml À1 for VSV-G pseudotyped vectors (Sena-Esteves et al. 2004) .
Research into the large-scale production of lentiviral vectors is still in its infancy. Two recent reports have used the Cell Factory system (Nunclon TM ) to scale-up virus production. Geraerts et al. (2005) produced a serum-free HIV-1 vector using the Cell Factory and tangential flow filtration prior to centrifugation. Using this method, they were able to routinely generate titers of 10 9 -10 10 transducing units (TU) ml À1 from 2 l of culture medium. Furthermore, they observed large transduction volumes in mouse brain and no immune response (Geraerts et al. 2005) . In a separate study, Ni et al. (2005) developed a three-level cascade gene regulation system designed to remove tetracycline transactivator (tTA) from cytomegalovirus immediate early promoter (CMV)-controlled expression to reduce cytotoxicity from constitutive expression of tTA and leaky expression of packaging genes. A one-step integration of the three packaging plasmids was also performed to shorten the culture time for clonal selection. Producer cells yielded remarkably stable vector production over a period greater than 11 days with the highest titer 3.5 · 10 7 TU ml À1 and 300 ng p24 ml À1 , yielding 2.2 · 10 11 TU and 1.8 mg p24 from one cell factory (Ni et al. 2005) . Cell Factories are designed for large scale cell culture and production of biologics such as vaccines, monoclonal antibodies, or recombinant proteins. They provide a large growth surface in limited space areas and are available with 1, 2, 10 and 40 trays. However, as with the CellCube, they have limited scale-up potential as the 40 tray system has a maximum surface area of 25,284 cm 2 , and it is not possible to sterilize the trays by autoclave.
Adenoviral vectors

Packaging cell lines and vector construction
Adenoviral vectors are believed to have currently surpassed retrovirus as the most commonly used vectors for gene transfer. Adenoviruses have a number of advantages as a gene delivery vehicle. They are able to infect both dividing and quiescent cells, insertional mutagenesis is unlikely to occur, they have a high transduction efficiency and high titers can be easily achieved (McTaggart and AlRubeai 2002) . In contrast to retroviruses, adenoviruses are non-enveloped DNA particles. The most commonly used human adenoviruses (type 2 and type 5) consist of a linear 36 kb double stranded DNA molecule. Both strands are transcribed and nearly all transcripts are heavily spliced. Viral transcription is conveniently defined as early (encoding E1, E2, E3, and E4), delayed early (encoding transcripts IX and IVa), and late genes, depending on their temporal expression relative to the onset of viral DNA replication (Shenk 1996) . First generation recombinant vectors are usually deleted in their E1A or E1B regions, therefore providing space for the insertion of a therapeutic gene up to 5 kb (Breyer et al. 2001) . Expression of E1A initiates adenoviral replication and activates adenoviral transcription (Chuah et al. 2003) ; therefore, an adenovirustransformed cell line that provides the missing E1A and E1B genes in trans is required to grow the replication defective virus (Graham et al. 1977) . However, expression of the therapeutic gene is transient and, due to the expression of viral genes/ proteins in the transduced cells, adenovirus vectors can be potentially immunogenic, causing a direct cytopathic effect (Nadeau and Kamen 2003) . The most common and best documented packaging cell line for adenovirus production is the Human Embryonic Kidney 293 cell line, which contains the E1 region of the adenovirus (Graham et al. 1977) . Packaging cells based on the 293 cell line are versatile, and can be grown as adherent cultures or as suspension cultures in serum-containing low Ca 2+ media (Garnier et al. 1994 ) and serum-free low Ca 2+ media (Coˆte´et al. 1998; Peshwa et al. 1993) . Unfortunately, homologous recombination between the left terminus of first-generation Ad vector or helper-virus DNA and partially overlapping E1 sequences in the genome of 293 cells may lead to the emergence of replicative competent adenoviruses (RCA), which contain E1 genes (Lochmuller et al. 1994) . To overcome this problem, alternative host cell lines have been developed by reducing these overlapping sequences, as for 911 cells, or by eliminating any overlap, as for N52.E6 (Schiedner et al. 2000) or PER.C6 (Fallaux et al. 1998) cells. The 911 cell line exhibits similar frequencies of homologous recombination to 293 cells, although vector yields are three times higher in 911 cells (Fallaux et al. 1996) . The PER.C6
Ò cell line, derived from the Human Embryonic Retinal cell, has been established for industrial applications (e.g. full tracability available) and is a good producer. The cell population is clonal and the cell line was designed to minimize RCA production. Unfortunately, this cell line is only available through licensing. Yields from the PER.C6 cell line are similar to those achieved in 293 and 911 cells; however, as overlap between the genome and the E1 sequence has been eliminated, this clone, as well as the N52.E6 cell line, does not generate RCAs (Fallaux et al. 1998; Schiedner et al. 2000) . Another cell line is A549, a lung carcinoma cell. This cell line has been engineered with low recombination homology and is used to support the replication of E1-deleted adenovirus vectors (Imler et al. 1996) .
More recently, non-RCA vectors have been developed by double deletions (E1 and E3) or triple deletions (E1, E3 and E4). These vectors have the added advantage that they can accommodate up to 10 kb of foreign DNA (Gao et al. 1996; He et al. 1998) . The generation of gutless adenoviral vectors has also been accomplished; these vectors are devoid of viral proteins and consequently display reduced immunogenicity and long-term transgene expression (Parks et al. 1996) . Additionally, this system has the capability of accommodating up to 35 kb of exogenous DNA and is considered the most advanced vector system to date (Breyer et al. 2001 ).
Production methods
Conventional methods for producing small volumes of viral vectors involve culturing cells in stationary, adherent cultures, such as T-flasks or roller bottles (Wu et al. 2002) . Adherent cell cultures have a higher cell specific productivity compared to suspension cells (Iyer et al. 1999 ); however, scale-up is limited by available surface area. To date, very few studies have investigated cell growth and virus production using microcarriers as a potential means of scaling-up production. As with retrovirus production, solid microcarriers have been shown to be superior to macroporous carriers, with Cytodex 3 offering the best results. However, the maximum specific virus titer remains inferior to T-flask cultures (Wu et al. 2002) . Hydrodynamic shear forces are believed to affect cellular receptor levels and thus hinder virus entry into 293 cells at high MOI. Additionally, 293 cells have been cited as having a low ability to colonize microcarriers due to poor attachment (Nadeau and Kamen 2003) .
Suspension cultures are more appealing for large-scale production due to the ease of operation and scale-up. Per.C6
Ò and 293 cells can be grown in stirred tank bioreactors and, depending on the mode of operation, cell densities are in excess of 5 · 10 6 cells ml À1 at scales from 3 to 20 l (Nadeau et al. 1996; Coˆte´et al. 1998; Kamen and Henry 2004) . Typical titers are in the range of 1 · 10 10 to 6 · 10 10 virus particles (VP) ml À1 . A recent study using the HeLaS3 human tumor cell line for propagating recombinant adenoviruses, demonstrated yields of 6 · 10 11 VP ml À1 and showed that this productivity could be maintained at pilot (70 l) scales (Yuk et al. 2004) . Successful largescale production for all cell lines is dependent on optimization of the culture conditions, and determining the best mode of operation.
Optimization of physicochemical conditions
Optimization of the physicochemical conditions in the bioreactor can greatly improve the viral titer. The pH, temperature and pCO 2 have all been shown to be important parameters in cell growth, metabolism and adenovirus production. When uninfected PER.C6 Ò cells were grown at pH ranging from 7.1 to 7.6 no significant difference was seen in the growth rate, with doubling time calculated as being approximately 31 h. At a pH of 6.8 a longer lag phase was observed and the doubling time was calculated to be 50 h. The maximum viable cell concentration was seen to be inversely proportional to pH, with the highest concentration obtained at pH 6.8 and the lowest obtained at pH 7.6. Glucose consumption and lactate production were significantly lower under more acidic conditions and this may explain the differences in the maximum cell concentration (Xie et al. 2002) . There was a 40% difference in cell concentration between these two extremes in pH. The same authors reported an optimal pH of 7.3 for virus productivity which decreased by 50% at pH of 6.7 and 7.7 (Xie et al. 2002) . Jardon and Garnier (2003) reported a 4-fold increase in virus titer at pH 7.2 compared to pH 6.7 and 7.7 using 293 cells. Infectivity of the virus was not deemed to be responsible for this difference as the increase of infected cells was similar at all pH. However, the pH was not found to have a significant effect on viable cell concentrations of 293 cells in the range of 6.7-7.7; although 293 metabolism was slower at a higher pH.
Temperature has an effect on both cell metabolism and virus titer. Low temperature prolongs viability of 293S cells and slows the progression of the infection. At 39°C negligible amounts of virus was produced; at 37°C virus titer reached a maximum at 30 h post-infection (hpi). Higher titers were obtained at 35 and 32°C, with maximum titers being reached at 40 and 74 hpi, respectively. The highest titers were produced at 35°C, which were 3.4-fold higher than at 37°C (Jardon and Garnier 2003) . This finding was confirmed by Cortin et al. (2004) who showed a 2.4-fold increase in viral titer when 293S cells were cultured at 35°C compared to 37°C.
The pCO 2 does not have an effect on viable cell concentration; however, as with pH, virus productivity is significantly affected by changes in pCO 2 . The virus infection phase is prolonged with increasing pCO 2 , which also decreases the virus yield. The maximum titer at 0.2 atm was 2-fold lower than the maximum titer at 0.05 atm (Jardon and Garnier 2003) .
One of the challenges for efficient propagation of PER.C6
Ò cells at large scale is to overcome the sensitivity of virus infected cells to gas sparging, which is required for oxygenation and CO 2 removal. Productivity of an adenovirus vector is significantly reduced under sparging conditions as compared to nonsparged. This is a common problem which has been thoroughly investigated during the 90s in insect cell-baculovirus culture (Kioukia et al. 1996) . Investigations have suggested a buffer containing surfactant (Polysorbate-80, PS-80) that was included in the virus seed stock formulation and introduced through virus infection into the culture at a very low concentration as the cause of the reduced virus productivity. To alleviate the deleterious effects of sparging, the virus seed stock was prepared in the absence of the buffer containing PS-80. At the same time, the concentration of Pluronic-F68 (PF-68) in the serum-free medium was increased to 1 g/l, at which cell growth and metabolism were unaffected; this measure alone did not result in virus productivity improvement. Only by implementing the two measures together was virus productivity loss completely eliminated under sparging conditions. This adenovirus propagation process was successfully scaled up to 250 l (Xie et al. 2003) .
In contrast to retroviral producer cell lines, 293 and PER.C6 cells are routinely grown in serumfree medium. A clone of the 293S cell line was developed by Coˆte´et al. (1998) that was able to grow in low calcium serum free medium with a similar growth profile to cells grown in low calcium medium containing 5% bovine serum. In batch culture the 293S cells grew to 5 · 10 6 cells ml À1 whereas the 293SF-3F6 clone grew to 8 · 10 6 cells ml À1 . When the culture was scaled-up to a 2.8 l bioreactor, densities approached 10 7 cells ml À1 without cell aggregation, and a doubling time of 24 h. There was no significant difference in specific infectious virus production between 293S cells and 293SF-3F6 cells in 125 ml shake flask culture, but a three-fold increase was observed when 293SF-3F6 cells were cultured in a 2.8 l bioreactor, relative to 293S shake flask controls (Coˆte´et al. 1998 
Mode of operation
Adenovirus productivity can be further enhanced by optimizing the process operation. The most simplistic method is batch culture, as no feeding is required and there is a low risk of contamination. As mentioned before in ''Production Methods'' cell densities of 293 and PER.C6
Ò cells can reach densities in the range of 3-9 · 10 6 cells ml À1 in suspension bioreactor cultures at scales ranging from 3 to 20 l (Nadeau et al. 1996; Coˆte´et al. 1998; Kamen and Henry 2004) . However, despite the greater cell densities, the virus yield is unchanged which is the result of a lower cell specific productivity. The optimal density for virus production has been reported to be 5 · 10 5 cells ml À1 , which is an order of magnitude lower than typical cell densities (Kamen and Henry 2004) . The ''cell density effect'' is probably a result of nutrient limitation and/or byproduct accumulation. Therefore, fed-batch and perfusion cultures have been implemented in order to support high cell densities and maintain specific productivity.
Cell viability in fed-batch cultures is maintained by the addition of nutrients such as glucose, L-glutamine and essential amino acids (EAA). This addition also helps to dilute the concentration of toxic byproducts such as lactate and ammonia. Fed-batch addition of glucose and EAA after 24 h after the first medium replacement allowed virus production to proceed at cell densities of 2 · 10 6 cells ml À1 ; however, the specific productivity was lower than at an infection density of 10 6 cells ml À1 (Nadeau et al. 2000; Nadeau et al. 2002a ). Low-glutamine fed batch cultures were able to sustain cell densities of approximately 4.5 · 10 6 cells ml À1 , which was a two-fold increase over batch cultures. By controlling the glutamine concentration at 0.1 mM, a 10-fold increase in virus production was observed in fed-batch over batch cultures. However, cell specific productivity was not reported (Lee et al. 2003) .
Perfusion cultures are possibly the most efficient means of virus production, whereby nutrients are continuously replenished and toxic metabolites are removed. Cells are retained in the bioreactor by the use of such instruments as spin filters, acoustic separators, or hollow fiber devices. The density of 293S cells at infection can reach an average of 8 · 10 6 cells ml À1 , with a perfusion rate of 1 reactor volume of medium per day, although the density does decrease after infection to 5.75 · 10 6 cell ml À1 . This, however, is eight times greater than for batch cultures. By reducing the culture temperature to 35°C the viral yield is reported to be 7.8 · 10 9 IP ml À1 . Furthermore, the specific virus productivity was comparable to batch cultures that were infected at a cell density of 6 · 10 5 cells ml À1 (Cortin et al. 2004) . Perfusion experiments with HeLaS3 cells showed a similar trend, with the cell density at infection being 5-14 · 10 6 cells ml À1 , and the maximum virus titer being an order of magnitude higher than in fed-batch cultures. It was also found that cell-specific productivity did not change as the cell density increased (Yuk et al. 2004) . A comparison between different modes of production for adenovirus using 293 cells is presented in Figure 4 .
Adeno-associated viral vectors
Recombinant adeno-associated viruses (rAAV) are non-pathogenic viruses that carry a 4.8 kb single stranded DNA molecule (Lai et al. 2002) . Replication requires the functions provided by a helper virus, such as adenovirus or herpes simplex virus, making them naturally replication deficient. rAAV are attractive vehicles for gene therapy as they efficiently transduce a wide variety of cells including dividing and non-dividing cells, such as muscle and neurons, and they provide long-term gene expression. Unlike adenoviruses, rAAV vectors do not induce a host immune response and they are characterized by excellent safety profiles. However, the size of the genome limits the size of the therapeutic sequence it can carry (Wu and Ataai 2000) .
rAAV production requires three essential elements; the vector containing the DNA transgene flanked by AAV inverted terminal repeats, and the AAV rep and cap genes, which code for replication and structural proteins, respectively. The latter two genes can be supplied in trans . In addition, helper functions derived from adenovirus or herpes simplex virus have to be provided in order to induce rAAV replication. The two most commonly used methods to produce rAAV vectors are transient transfection and the use of stable cell lines containing the required genes. Transient transfection employs the use of 293 or A549 cells that have been cotransfected with two plasmids that contain the rAAV vector and the rep and cap genes, followed by an infection with helper virus to induce the replication of rAAV. The other possibility is that the cells are cotransfected with three plasmids, that contain the rAAV vector, the rep and cap genes, and the adenovirus helper genes (Grimm et al. 1998; Xiao et al. 1998 ). The use of producer cell lines has mainly focused on HeLa cells, although some investigators have evaluated the use of 293 and A549 cells. These cells contain the rAAV vector and the rep and cap genes of AAV. For inducing the production of rAAV, the cells have to be infected with the helper virus. Thus, generation of stable cell lines is better suited to large-scale production than transient transfection; nevertheless, generation of such cells can be tedious and time consuming. Furthermore, the highest virus titers for these production methods are typically about 10 7 IP ml À1 . It has been estimated that 10 12 to 10 14 rAAV particles are required for clinical human use (Clark 2002) . In order to overcome these limitations, recent studies have focused on producing rAAV vectors in insect cell cultures, using the recombinant baculovirus system (Urabe et al. 2002) . Production of rAAV particles is achieved by coinfecting Sf9 cells with three baculovirus vectors, BacRep, BacCap, and Bac-rAAV. These encode the respective components of the rAAV production machinery. This system lends itself to largescale production under serum-free conditions, as Sf9 cells are grown in suspension. Infection of Sf9 cells at an MOI of 5 and a ratio of 1:1:1 for all three baculoviruses was able to yield a total of 2.2 · 10 12 IP in a 3 l bioreactor. The process was scaled-up to 20 l without loss of productivity and demonstrated that quantities sufficient to meet clinical demand could be met (Meghrous et al. Figure 4 . Production data from published literature and conferences for adenovirus production in batch (Nadeau et al. 2001) , fed-batch (Nadeau et al. 2002a ) and perfusion culture in a 0.5 l reactor (Garnier et al. 2002 ) and a 10 l reactor (Nadeau et al. 2002b ) using 293 cells.
2005). Further optimization of this system is required to improve productivity at high cell densities.
Although the baculovirus process has great potential there are still a number of challenges to overcome. The baculovirus has to be carefully eliminated during downstream processing and the toxicity associated with the virus or viral proteins has to be evaluated. Additionally, the baculovirus is genetically unstable and it may be necessary to reduce the amount of baculovirus used in production by designing a single baculovirus which bears all the genetic elements required . For further information on baculovirus biology and its application in biopharmaceutical research and production the reader is referred to the excellent reviews by Kost et al. (2000) and Mannix and Jarman (2000) .
A comparison of the different production systems is presented in Table 2 . Further details on production issues of rAAV can be found in a review by Merten et al. (2005) .
Herpes simplex virus
Herpes simplex virus (HSV) is a double stranded DNA virus that has $150 kb genome encoding 80 viral genes. HSV has the largest loading capacity of all viral vectors and is capable of carrying approximately 30 foreign genes (Wu and Ataai 2000) . HSV vectors are able to proceed to a latent state of infection, when most of the viral genes are transcriptionally inactivated. This makes HSV an ideal candidate for gene transfer to neurons.
Moreover, the HSV genome remains episomal after infection, which eliminates the problem of insertional mutagenesis and opportunistic malignancy (Mellerick and Fraser 1987) .
Production of replication defective HSV vectors in culture is associated with a wide range of cytopathogenic effects, which include cytoplasmic blebbing, chromosomal aberration and host cell DNA fragmentation (Johnson et al. 1992) . It has been well established that the immediate-early (IE) genes are responsible for cytotoxicity and IE gene deletion mutants have decreased toxicity, although they still demonstrate some cytopathogenic effects (Wu et al. 1996; Krisky et al. 1998 ). Unfortunately, HSV vectors with deactivated genes have yields that can be up to 1000 times lower than wild type viruses when produced in T-flask culture. They can also display syncytia, a fusion event causing the formation of polykaryotes. Certain HSV mutants favor cell to cell fusion and spread of their particles as oppose to release into the supernatant. However, by optimizing the length of the growth period, the amount of medium perfused before and after infection and the postinfection period, it was possible to increase the viral yield in a CellCube bioreactor compared to production in either roller bottles or T-flasks. The total virus collected was 3.89 · 10 9 IP from 7.2 l of medium, which is still significantly lower than wild-type virus . Further optimization of the culture conditions revealed that virus yield showed a 2-fold increase with infection at 33°C, however, complementing cells had a longer doubling time at 33°C than at 37°C and showed a 16-24 h lag in virus production. Con- Table 2 . Production yields of rAAV using different production systems.
Production method
Yield (vg/cell) Scale-up Reference 293, triple transfection 10-10 3 Small scale Salvetti et al. (1998); Xiao et al. (1998) , Matsushita et al. (1998) , Grimm et al. (1999) , Collaco et al. (1999) . HeLa based producer cell, rAAV production induced by infection with wt Ad5 Reactor scale: 20 l, larger scale possible Meghrous et al. (2005) sequently, a two stage process was developed where cells were cultured and infected at 37°C, before lowering the temperature to 33°C, 24 h post-infection. Extracellular virus production under these conditions increased 3-fold in early passage cells, and up to 10-fold in late passage cells .
Summary
The commercial success of viral gene therapy is dependent on the efficient and reliable production of vectors. To date, the majority of gene therapy protocols have employed the use of retroviral vectors. These are normally produced from adherent cell lines, such as FLYRD, TE FLY and PA317. The most favorable option for their large-scale production is by perfusion fixed-bed reactors, although these systems have inherent limitations in their scalability. Fluidized bed bioreactors have also shown great potential for large-scale operations but the development of these processes is still in its infancy. A suspension packaging cell line has been developed for retrovirus particles, and this may offer the best long-term option for large-scale production. Lentiviral vectors, which are a sub-family of retroviruses, are presently produced by transient transfection in 293 cells although packaging cells are developed in order to improve production conditions and safety issues. Therefore, production processes may resemble those for adenoviral vectors more than for retroviral vectors. Non-replication competent adenoviruses can be transiently produced by infection of 293, PER.C6 Ò , A549, and most recently HeLa cells with a viral vector stock. Although some investigators have used adherent cell lines in microcarrier culture, the majority of production processes now rely on suspension cultures in stirred tank bioreactors. Viral productivity is limited by cell number in batch reactions; for that reason, perfusion cultures have been implemented for optimized production. Adeno-associated viruses are a more attractive gene vehicle than adenoviruses although the gene insert size is very limited. The most efficient and scalable system for their production is insect cell culture using baculovirus infection. Herpes simplex virus is also an attractive vector as it can hold multiple genes. However, the low viral yields obtained from non-cytotoxic particles are problematic. Production has been achieved in CellCube bioreactors. The optimal culture conditions reported in the literature for retrovirus, adenovirus and herpes simplex virus vectors have been summarized in Table 3 .
Although significant improvements have been made in the production of viral vectors, a considerable amount of work still needs to be done if cell culture processes are indeed going to meet the market demand. Further process development is especially needed in the improvement of suspension cell lines for retrovirus production, and in the large-scale production of lentivirus, recombinant adeno-associated virus and herpes simplex virus. 
